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ABSTRACT 
 
Several papers have addressed the production of H2 from glycerol solution using catalyst. 
One of the most innovative ways is via photocatalysis. In this study, titania act as the base 
catalyst on which copper dopant varies the physicochemical properties. Ultimately, this 
work was aimed to synthesized and investigated the physicochemical properties of titania 
supported copper, (Cu/TiO2) photocatalyst for photoreaction of glycerol solution. The 
photocatalyst, Cu/TiO2 was prepared via wet impregnation method with doped 2, 5, 10, 
15, 20 and 25 wt% of Cu. X-ray fluorescence (XRF) showed that the composition of Cu 
followed the doped weight percentage on TiO2 and liquid-nitrogen physisorption showed 
that the BET specific surface area decreased with the increment of Cu loading. 
Thermogravimetric analysis (TGA) showed that Cu decomposed around 450 to 550 K 
while X-ray diffraction (XRD) proved the Cu/TiO2 was anatase with a new peak 2θ = 13° 
found as the appearance peak of CuO species. The measured densities were differed from 
the theoretical calculated densities. The photoreactivity of Cu/TiO2 was tested with 
methylene blue decomposition and the results have indicated that Cu/TiO2 possessed 
photoreactivity. The conversions for all the photocatalysts with Cu loading were higher 
than the pristine TiO2. This has confirmed that Cu loading has effectively increased the 
photoreaction of glycerol solution. The 2 wt% Cu/TiO2 photocatalyst showed the highest 
conversion at 97.78%. However, the conversion shows decreasing trend with the 
increment of Cu loading except for 25 wt% Cu/TiO2. The concentration profiles were 
fitted to the first order reaction rate law, the rate constant for each Cu/TiO2 was 
calculated and 2 wt% Cu/TiO2 has the highest rate constant (0.0574 min
-1
). The 
photocatalyst loading and concentration loading were conducted. In photocatalyst loading 
study, 0.83 g/L of 2 wt% Cu/TiO2 can be concluded as the optimum weight loading for 
300 mL of glycerol solution. In the glycerol solution study, the amount of photocatalyst 
(0.25g) considered not optimum to yield the maximum conversion. 
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ABSTRAK 
 
Beberapa jurnal teleah mengemukakan tentang penghasilan H2 dari larutan gliserin 
dengan mengguna pemangkin, salah satu cara yang inovatif ialah menggunakan photo-
pemangkin. Dalam kajian ini, titania (Ti) menjadi sebagai tapak pemangkin dan copper 
(Cu) sebagai pendopan. Kajian ini bertujuan menghasil dan mentakrifkan sifat-sifat 
copper-titania (Cu/TiO2) untuk photoreaksi larutan gliserin. Cu/TiO2 dihasilkan dengan 
cara menperdopankan 2, 5, 10, 15, 20 dan 25 wt% Cu atas Ti.  X-ray fluorescence (XRF) 
menunjukkan komposisi Cu mengikut peratusan pendopan atas Ti. Di samping itu, BET 
specific surface area menunjuk pengurangan dengan penambahan Cu. Thermogravimetric 
analysis (TGA) menunjukkan Cu mengurai dekat 450 hingga 550 K. X-ray diffraction 
(XRD) membuktikan Cu/TiO2 ialah anatase, puncak 2θ = 13° ditemui dan puncak ini 
dipercayai sebagai kemunculan spesies CuO. Kepadatan Cu/TiO2 mengukur dengan gas 
pycnometer menunjukkan perbezaan dengan kepadatan teori. Photoreaksi Cu/TiO2 
dicubakan dengan mengguna methylene blue, reaksi methylene blue membuktikan 
pemangkin kajian ini berfungsi. 2 wt% Cu/TiO2 mempunyai reaksi yang paling tinggi 
dengan bacaan 97.78%. Walau bagaimanapun, reaksi ini menurun mengikut penambahan 
Cu kecuali pemangkin 25 wt%. Kadar pemalar setiap pemangkin dikirakan, 2 wt% 
Cu/TiO2  mempunyai kadar pemalar yang tertinggi, 0.0574 min
-1
. Kajian ini diteruskan 
dengan tambahan berat pemangkin dan kepekatan larutan gliserin. Dalam kajian 
penambahan berat pemangkin, 0.83 g/L 2 wt% Cu/TiO2 mempunyai reaksi yang tertinggi. 
Dalam kajian penambahan kepekatan larutan gliserin, 100 mg/L larutan gliserin 
mempunyai reaksi yang terbaik.    
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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
1 Introduction 
The current global economy is largely dependent on fossil fuels, from heavy 
industries to transportation and daily life goods production. The indiscriminate burning of 
fossil fuels however has led to environmental degradation. Moreover, these fossil 
hydrocarbon sources are not renewable. Hence, a suitable alternative and renewable 
energy sources such as hydrogen is fast gaining attention from the researchers (Yoong et 
al., 2009). According to Das and Veziroglu (2001), hydrogen is the most plentiful 
element in the universal, representing about three-quarters of all the matter. Significantly, 
during the hydrogen combustion, water is the only product being generated. Therefore, 
compared to other fuels as per se, hydrogen is perceived as a non-polluting fuel and 
proven to be harmless to humans and environment. 
In the year 2011 alone, National Biodiesel Board (NBB) reported production of 
more than 802 million gallons of biodiesel far superseding 2010 production of just 315 
million gallons. From chemical perspective, biodiesel is defined as the mono-alkyl esters 
of long chain fatty acid derived from reaction between vegetable oils or animal fats with 
alcohol in the presence of or without a catalyst (Atanani et al., 2012). According to 
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Leoneti et al. (2012), biodiesel production process involves transesterification process, 
with generation of glycerol by-product. During this reaction, roughly 10% of the 
feedstock is converted into glycerol (Abad & Turon, 2012). Nonetheless, the burgeoning 
diesel industry creates a glut of glycerol as a potential industrial waste due to the lack of 
the supporting industries (Slamet et al., 2011).   
 For the past few years, most of the research scopes focused on crude glycerol 
utilization in particular for conversion into valuable product; in fact several papers have 
addressed the production of hydrogen from glycerol solution using catalyst (Skaf et al., 
2012). According to Melo and Silva (2011), the on-going research has discovered 
different methods to produce hydrogen from glycerol such as steam reforming, 
gastification, autothermal reforming, aqueous-phase reforming, electrochemical 
reforming, photofermentation and supercritical water reforming processes. All these 
studies were related to thermochemical routes. However, hydrogen can be produced from 
biomass in ambient conditions (temperature and pressure) via a photocatalytic route, an 
efficient, ecologically benign and low-cost process which based on photochemical cells 
operating with two redox system. 
1.1 Problem Statement 
The continuous production of biodiesel as future transportation fuel is anticipated to 
increase the glycerol production. In Malaysia, glycerol is classified as a waste under 
Schedule S181 of the Environmental Regulations and stored in drums before 
subsequently disposed in landfills (Hidawati & Sakinah, 2011). In addition, Kualiti Alam 
Waste Management Centre is the only statutory body handling these scheduled wastes 
where disposal and its treatment are carried out at prescribed premises only with a certain 
amount of charges imposed for every tonne of waste disposal. The cost for landfill is 
approximately RM 500 while incineration costs around RM 810/t to RM 3600/t 
(Hazimah et al., 2003). 
 Moreover, the amount of glycerol generated significantly increase because the 
biodiesel market is being expanded around the world, this lead to the problem of the 
surplus of glycerol in the market (Sreethawong et al., 2011). According to Varrone et al. 
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(2012), the considerable growth of the biodiesel industry has depressed the price of crude 
glycerol; this decrease in price poses a problem for the glycerol-producing and -refining 
industries, and the economic viability of the biodiesel industry itself has been greatly 
affected. Therefore, the development of processes to convert low-value glycerol into 
higher value products is expected to the development of biorefineries and also adds value 
to the production of biodiesel (Dharmadi et al., 2006). 
1.2 Objective 
The objective of this research work is to synthesize and to study the physicochemical 
properties of Cu/TiO2 photocatalyst for the photoreaction of glycerol solution. 
1.3 Scopes 
In order to achieve the objectives of the current work, the following scopes have been 
identified: 
I. To synthesize Cu/TiO2 photocatalyst using wet impregnation method with the 
dopant metal loadings ranged from 2, 5, 10, 15, 20 and 25 wt%.  
II. To characterize the physicochemical properties of Cu/TiO2 photocatalyst using 
spectroscopic analyses such as: 
a) X-ray fluorescence (XRF) 
b) Liquid-nitrogen physisorption (Brunauer-Emmett-Teller, BET) 
c) X-ray diffraction (XRD) 
d) Thermogravimetric analysis (TGA) 
e) Gas pycnometer 
III. To study the effect of different metal loadings of Cu/TiO2 photocatalyst on the 
photoreaction of glycerol solution. 
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CHAPTER 2 
 
 
 
 
LITERATURE REVIEW 
 
2 Literature Review 
2.1 Introduction 
The demand for cleaner industrial processes and sustainable energy production from 
renewable source is growing as a consequence of higher public awareness towards 
environmental preservation (Gombac et al., 2010). According to Yoong et al. (2009), 
hydrogen (H2) is classified as the future energy because it is renewable, does not emit 
“greenhouse gas” carbon dioxide during oxidation, possesses large specific energy 
density and easily convertible to electricity by fuel cells. In the current energy scenario, 
an approximately 95% of H2 consumed is derived from fossil fuels via catalytic thermal 
and gasification routes at elevated temperature (Slamet et al., 2011). Numerous methods 
have been proposed to produce hydrogen from renewable sources. Nevertheless, 
sustainable hydrogen production from solar photocatalytic splitting of water remains an 
ultimately challenging dream (Gombac et al., 2011). In contrast, photocatalytic hydrogen 
generation from glycerol has begun to gain attention from researchers in lieu of growing 
demand of biodiesel as liquid transportation fuel; hence generation of glycerol as by-
product during transesterification. 
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2.2 Glycerol 
Glycerol is a widely utilized ingredient in the production of cosmetic, paint, 
automotive, food tobacco, pharmaceutical, pulp and paper, leather and textile industries 
and even as feedstock for the production of various chemicals. Glycerol was produced 
commercially via fermentation route for the first time using the sulfite-steered yeast 
process during World War I, when the demand for glycerol in explosive manufacture 
exceeded the supply from the soap industry (Prescott & Dunn, 1959). According to Wang 
et al. (2001), glycerol is released as a by-product during the hydrolysis of fats but this 
process is currently less important because the soap production is now replaced by 
detergents. 
In particular, the global demand for biofuels is currently on the rise worldwide 
and the use of biomass as one of the most promising alternatives has amplified its amount. 
According to Silva et al. (2008), one of the biofuel which originated from biomass is 
biodiesel. It is mainly produced from the vegetable oils and animal fats. Significantly, it 
can be blended with the petroleum based diesel in diesel engine motor. Glycerol is the 
by-product obtained during transesterification of vegetable oils and animal fats as shown 
in Figure 2.1 (Solomon et al., 1995). 
 
Figure 2.1 Transesterification reaction of a triglyceride with ethanol, utilizing NaOH as a 
catalyst and rendering biodiesel and glycerol (Silva et al. 2009) 
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According to Dasari et al. (2005), for every 9 kg of biodiesel produced, about 1 kg 
of a glycerol by-product is formed. Hence, the effective usage or conversion of glycerol 
will reduce the biodiesel production costs (Pachauri & He, 2006).  
In terms of chemical structure, glycerol (also known as 1,2,3-propanaetriol, 
glycerine, glycerin, glycyl alcohol, cf. Figure 2.2) is a trihydric alcohol. In addition, it is a 
colourless, odourless, and sweet-tasting, syrupy liquid at ambient condition with 
molecular weight of 92.09. It is generally known that crude glycerol has a purity of 70 to 
80% and is often concentrated and purified to commercial sale, ranging from 95.9 to 99% 
purity (water is the impurity) before sale. It melts at 290.8 K and boils with 
decomposition at 563 K. Furthermore, glycerol is completely soluble in water and alcohol, 
slightly soluble in ether, ethyl acetate and dioxane; and insoluble in hydrocarbons. 
Moreover, it is highly stable under normal storage conditions, non-irritating and has no 
known negative environmental effects. Glycerol contains three hydrophilic alcoholic 
hydroxyl groups attached to the hydrocarbon backbone. This polar group is responsible 
for its solubility in water and hygroscopic behaviour. It is a highly flexible molecule 
forming both intra- and intermolecular hydrogen bonds (Pagliaro & Rossi, 2008). 
 
 
Figure 2.2 Structure of glycerol (Pachauri and He, 2006) 
2.3 Physical and Chemical Properties 
Table 2.1 lists the physical and chemical properties of the chemical compounds (solid, 
liquid and gas phases) partake in glycerol photocatalysis.  
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Table 2.1 Physical and chemical properties of related chemicals 
 
2.4 Photocatalyst 
The photo-electrochemical splitting of water was first reported in 1972 by 
Fujishima and Honda. This discovery attracted world-wide attention and triggered 
enormous research activity in numerous laboratories, post oil-crisis in 1973. Concerted 
efforts are underway to find semiconductors that utilize the solar spectrum in an effective 
Chemical Function Physical and Chemical Properties 
Glycerol 
(C3H8O3) 
 
Reactant  Form: Viscous colourless liquid 
 Molecular weight: 92.09 
 Melting point: 290.8 K 
 Boiling point: 563 K 
 Solubility: complete soluble in water and 
alcohol; insoluble in hydrocarbon 
Titanium 
dioxide 
(TiO2) 
Photocatalyst  Form: White crystallines olid 
 Molecular weight: 79.87 
 Melting point: 2073 K 
Copper 
(Cu) 
Photocatalyst  Form: Reddish metal 
 Atomic weight: 63.55 
 Melting point: 1357.62 K 
 Boiling point: 2835 K 
 Moderately active metal, dissolves in most adds 
and in alkalis  
Titanium 
(Ti) 
Photocatalyst  Form: White metal 
 Atomic weight: 47.88 
 Melting point: 1933 K 
 Boiling point: 3560 K 
 Non-reactive, more reactive in high temperature 
 Resists corrosive 
Carbon 
dioxide 
(CO2) 
Product  Form: Colourless, odourless gas 
 Molecular weight: 44.01 
 Freezing point: 194.5 K 
Hydrogen 
(H2) 
Product  Form: Colourless, odourless gas 
 Atomic weight: 2.0159 
 Melting point: 13.9 K 
 Boiling point: 20.12 K 
 Burns in air or oxygen to produce water.  
 Combine readily with non-metals and halogens 
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way to photo-split water. Figure 2.3 shows the first photo-electrochemical cell that was 
constructed for the water decomposition water into hydrogen and oxygen. 
When UV light irradiated the surface of the TiO2, a water oxidation reaction will 
occur and oxygen is produced at the TiO2 electrode. Concomitant reduction then will lead 
to hydrogen production at the platinum (Pt) black electrode. This indicates that water 
(H2O) can be decomposed into O2 and H2 using UV light without the application of an 
external voltage (Fujishima et al., 2000). 
At the TiO2 electrode:     
  2H2e2TiO2 hv     (2.1) 
At the Pt electrode:  2H2e2H 
      (2.2) 
Overall reaction:    222 HO212OH  hv     (2.3) 
 
 
Figure 2.3 Schematic representation of a photoelectrochemical cell (PEC) (Fujishima 
and Tryk, 1999) 
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Where, 
(1) n-type TiO2 electrode 
(2) Platinum black counter electrode 
(3) Ionically conducting separator  
(4) Gas burette  
(5) Load resistance   
(6) Voltmeter 
 
Photocatalytic reaction can be simply defined as the excitation of a solid 
semiconductor by UV-visible light, generating free electrons and holes that partake in 
redox process on the catalyst surface and the attack of absorbed molecules (Bouchy & 
Zahraa, 2003). This concept was later applied by Bard (1982) to the design of a 
photocatalytic system using semiconductor particles or powders as photocatalyst. 
2.4.1 Mechanisms of Photocatalysis 
According to Carp et al. (2004), photocatalytic process can be described as the 
light-induced excitation of semiconductor. The light source supplies higher energy than 
the material band gap energy. Consequently, an energy-rich electron-hole pair is formed 
as illustrated in Figure 2.4. 
When a photocatalyst absorbs UV or visible light, the electrons in the valence 
band of the photocatalyst are excited to the conduction band. As a result, the negative-
electron (e
-
) and positive-hole (h
+
) pairs are created as reducing and oxidizing agents. At 
this stage, it is called as semiconductor’s “photo-excited” and the energy difference 
between the valence band and conduction band is termed as “band gap” as shown in 
Figure 2.5. 
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Figure 2.4 Photo absoprtion by a semiconductor causes electron transition from the 
valence band to the conduction band (Ohtani, 2010) 
 
 
Figure 2.5 Fundamental principle of semiconductor’s photocatalytic reaction (Chen et al., 
2010) 
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2.4.2 Photocatalysis of Glycerol  
Kondarides et al. (2008) had tested a large variety of biomass-derived components 
including monosaccharide such as pentoses (ribose, arabinose) and hexoses (glucose, 
galactose, fructose and mannose), alcohols (methanol, ethanol, propanol and butanol) and 
organic acids (acetic acid, formic acid). From their studies, they have concluded that the 
amounts of H2 and CO2 produced were represented by the Equation (2.4): 
 222zyx y/2)Hz(2xxCOOz)H(2xOHC    (2.4) 
Daskalaki and Kondarides (2009) furthered the study on photo-reforming of 
glycerol with the use of Pt/TiO2 as photocatalyst under UV light irradiation. They found 
that H2 can be produced efficiently by the photocatalytic reforming of aqueous glycerol 
solution and it showed complete conversion of glycerol to H2 and CO2.  
According to Panagiotopoulou et al. (2012), the overall photo-reforming reaction 
of organic compounds can be described as the combination of water reduction and 
oxidation of the organic substrate into a single process that is able to produce H2 at room 
temperature and atmospheric pressure. In their study, they made the comparison between 
the kinetic and mechanism of the glycerol photo-reforming and photo-oxidation reaction 
of glycerol over Pt/TiO2 as photocatalyst.  
For glycerol photo-reforming, the reaction can be shown as in Equation (2.5): 
222383 7H3COO3HOHC      (2.5) 
For glycerol photo-oxidation, the reaction can be shown as in Equation (2.6): 
O4H3COO)H27(OHC 222388     (2.6) 
In the presence of O2, glycerol is oxidized towards CO2 by valence band holes (cf. 
Figure 2.6 (d)); while the conduction band electrons reduce O2 to produce additional 
oxidizing species (Figure 2.6 (c)). Photo-reforming reaction typically takes place under 
unaerated conditions. Therefore, photogenerated holes are utilized to oxidize the organic 
compound (Figure 2.6 (a)) and the electrons are free to reduce water towards hydrogen 
(cf. Figure 2.6 (d)). Significantly, the hydrogen generation rate under photo-reforming is 
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comparatively higher than photocatalytic by water photo-splitting attributed to the 
efficient scavenging of the photogeneration by the organic substrate. 
 
 
Figure 2.6 Simplified mechanistic scheme showing the reaction occur over Pt/TiO2 
suspensions under conditions of water splitting (a + b); glycerol photo-reforming (a+ d); 
glycerol oxidation (c + d) (Panagiotopoulou et al., 2012) 
 
According to Li et al. (2009), the complete mechanism of glycerol photo-
reforming can be surmised as following (2.7) to (2.6). Firstly, the light results in the 
intrinsic ionization of semiconduction material (TiO2) over the band gap, leading the 
formation of h
+
 and e
-
, then the light induced holes split water into hydroxide ions and 
hydrogen ions. Simultaneously, the electron generated reduces the hydrogen ions to H2 
gas.  
  ehTiO2      (2.7) 
  HOHOHh 2     (2.8) 
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2H21eH 
      (2.9) 
Glycerol absorbed on the catalyst reacted and formed hydroxyl radical: 
OHCHOHCHOHCHOHOHOHCHOHCHCH 222 
   (2.10)  
Thereafter, the CH2OHCHOHCHOH species reacts with water to form 
CH2OHCHOHCH(OH)2 species and H
+ 
ion to produce H2. 
OH21H)OHCHOHCH(OCHOHOHCHOHCHOHCH 22222   (2.11) 
The CH2OHCHOHCH(OH)2 species is unstable, then transformed into aldehyde: 
OHOHCHOHCHOCHH)OHCHOHCH(OCH 2222    (2.12) 
·OH species then reacts continuously with the aldehyde: 
OHOHCHOHCOCHOHOHCHOHCHOCH 222 
   (2.13) 
 HOHCHOCOOHCHOHOHCHOHCHOCH 222   (2.14) 
Decarboxylation occurs when the CH2OHCHOHCOOH species reacts with photo-
induced hole (h
+
). 
  HCOOHCHOHCHhOHCHOHCOOHCH 222  (2.15) 
The CH2OHCHOH formed repeats the aforementioned reaction until finally form 
H2O and CO2. 
OHCOHCOOHHCO(HCHO)HCH(OH)
OHCHOHCHOHCOOHCHOHCHOHCOCH
OHCHOHCHOCHH)OHCHOHCH(OCHOHCHOHCH
222
222
2222



 (2.16) 
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2.5 Titanium Dioxide 
Titanium is the world’s fourth most abundant metal after aluminium, iron and 
magnesium; and the ninth most abundant element which constitutes about 0.63% of the 
earth crust. It was discovered by Reverend William Gregor in 1791 in England. 
According to Carp et al. (2004), titanium metal is not found unbound to other elements 
but occurs primarily in minerals like rutile, ilmenite, leucoxene, anatase, brookite, 
perovskite, sphene and also found in titanates and many iron ores. 
Titanium dioxide or titania (TiO2) is the transition metal oxides. TiO2 started 
replacing toxic lead oxides as pigments for white paint industrial since the beginning of 
the 20
th
 century and the annual production of TiO2 exceeds 4 million tons (Greenwood et 
al., 1997; Natara et al., 1998). Overall, approximately 51% of TiO2 production is used as 
a white pigment in paints, 19% in plastic, 17% in paper and others in minor sector.  
2.5.1 Properties of Titanium Dioxide 
As compared with other semiconductors (cf. Figure 2.7), TiO2 is considered as a 
good photocatalyst for hydrogen generation because of its stability. TiO2 can only absorb 
photon near UV-range with 380 nm or less due to its large band gap of 3.2 eV. 
Consequently the e
-
 can only be excited in this UV-range (Tang et al., 2012).  
According to Yoong et al. (2009), the use of UV radiation alone for photocatalytic 
reaction is not an economically option, it is a must to shift the edge of adsorption of 
Hence, many efforts have been made to extend the optical response of TiO2 from UV-
range to visible light range (400 – 750 nm). Unfortunately, there is limit in the research 
associated with visible light range. Melo and Silva (2011) have mentioned that many 
efforts have been commenced to extend the optical response of TiO2 towards the visible 
region in order to fully harvest solar energy, since it accounts for approximately 43% of 
the incoming solar energy spectrum.  
 
